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In t roduc t ion  

The in f luence  of r a d i a t i o n  upon the p r o p e r t i e s  of many semicon- 

duct@ng devices  depends upon such f a c t o r s  as t h e  concent ra t ion  of bo th  

acc iden ta l  and i n t e n t i o n a l l y  introduced impur i t i e s  i n  t h e  material, t h e  

n a t u r e  of t h e  r a d i a t i o n  and the  temperature of the  material fnllnwicg 

t he  i r r a d i a t i o n .  Work has  continued during the  p a s t  s i x  months on a 

v a r i e t y  of t hese  problems. A comprehensive i n v e s t i g a t i o n  of t h e  i n f l u -  

ence of Co gamma ray  i r r a d i a t i o n  upon t h e  minor i ty  carrier l i f e t i m e  of 

s i l i c o n  has  been r epor t ed  i n  t h e  Ph.D. t h e s i s  of D r .  Ralph Hewes .  Addi- 

t i o n a l  d a t a  have been obtained on t h e  recombination luminescence of 

s i l i c o n  t h a t  has  been i r r a d i a t e d  with Co60 gamma rays  and f a s t  neutrons.  

This  work i s  expected t o  be completed and w i l l  be  repor ted  i n  d e t a i l  i n  

a Ph.D. t h e s i s  be fo re  t h e  next  r epor t ing  d a t e  f o r  t h i s  gran t .  I n i t i a l  

success  u t i l i z i n g  a tunnel ing  junc t ion  of semiconductor-insulator-super- 

conductor has demonstrated the  f e a s i b i l i t y  of u t i l i z i n g  t h i s  technique 

f o r  determining t h e  fundamental p rope r t i e s  of h ighly  doped semiconductors. 

The s tudy  of t h e  thermal s t a b i l i t y  of d e f e c t s  in t roduced  i n t o  h igh ly  

doped germanium by f a s t  neutron i r r a d i a t i o n  w a s  completed during t h i s  

r e p o r t i n g  per iod .  

Recombination Luminescence 

60 

Studies  of t h e  recombination luminescence of o p t i c a l l y  e x c i t e d  

carriers have been extended t o  l i q u i d  helium tempgratures wi th  a conse- 

quent  i nc rease  i n  the  r e s o l u t i o n  of t h e  emission bands. Measurements 

have been made on n- and p-type Czochralski grown s i l i c o n  that have been 

i r r a d i a t e d  wi th  1 x 10 roentgens of Co gamma rays.  8 60 
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Resul t s  f o r  n- and p-type f l o a t  zone grown material are s i m i l a r  

and t y p i c a l  d a t a  f o r  t h e  n-type are shown i n  Figures  1-3. 

main bands centered  a t  1.280, 1.301, 1.342, and 1.380 microns,  correspond- 

ing  t o  photons wi th  energ ies  of 0,969, 0.953, 0.924, and 0.897 eV. 

There are f o u r  

The widths  of t h e  f i r s t  and f o u r t h  bands suggest  t h a t  they  arise 

frm t r a n s i t i o n s  becween bound s t a t e s  and do no t  involve t h e  emission of 

phonons. The states are probably those  of an  e l e c t r o n  and a h o l e  loca l -  

i zed  a t  t h e  s i l i c o n  A-center, 

gap and assuming t h a t  the  e l e c t r o n  i s  i n  i t s  ground state,  0 -17  e V  below 

t h e  conduction band, t he  ho le  s ta tes  are found t o  be  0.026 e V  and 0.096 

e V  above t h e  valence band. These energ ies  agree  reasonably w e l l  w i th  

the  t h e o r e t i c a l  model of Kursk i i  who obta ined  .021 e V  and .134 e V  f o r  

t h e  f i r s t  e x c i t e d  and ground states of t h e  t rapped hole .  

Using t h e  va lue  1.165 e V  f o r  t h e  energy 

1 

The second band a t  0.953 eV i s  probably due t o  recombination 

between t h e  e l e c t r o n  i n  the  ground s ta te  of the  A-center and f r e e  h o l e s ,  

w i th  the  emission of a t r ansve r se  a c o u s t i c  phonon having an  energy of 

0.049 eV. 

which have no t  been reso lved  and could poss ib ly  be due t o  recombination 

w i t h  f r e e  ho le s  wi th  mul t ip l e  phonon emission. 

bands have been observed by Yukhnevich2 a t  80°K using e lectr ical  i n j e c t i o n  

i n  Czochralski  s i l i c o n .  

micron band. 

The t h i r d  band a t  0.924 e V  seems t o  have several components 

The th ree  h i g h e s t  energy 

He has not  r epor t ed  an observa t ion  of t h e  1.380 

The luminesrence spectrum of n-type Czochralski s i l i c o n  i s  t h e  

same as f l o a t  zone s i l i c o n  except  t h a t  t h e r e  i s  a sharp  i s o l a t e d  band 

loca ted  a t  l C 5 6 8  microns corresponding t o  a photon wi th  an energy of 

0.791 eV. This band i s  s imilar  i n  i n t e n s i t y  and ha l fwid th  t o  t h e  1.380 
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micron band and would s e e m  t o  be  assoc ia ted  w i t h  t h e  presence of oxygen 

(% 1018/cm ) found i n  Czochralski  grown material. 

n a t e s  from phononless t r a n s i t i o n s  between l o c a l i z e d  e l e c t r o n  and ho le  

states of t h e  center., I n  p-type Czochkalski s i l i c o n ,  an a d d i t i o n a l  com- 

p l i c a t e d  band occurs  between 1.45 and 1.9 microns as shown i n  Figure 4. 

The na tu re  of t h i s  band i s  not  y e t  understood. 

3 It a l s o  probably o r i g i -  

The luminescence observed by Yukhnevich and Tkachev3 between 3.00 

and 2.40 a t  80°K has no t  been observed i n  any samples a t  helium tempera- 

t u r e s  - 
It should be  noted t h a t  the same luminescence occurs  between 1.28 

microns and 1.40 microns i n  a l l  m a t e r i a l s ,  s t r o n g l y  sugges t ing  t h a t  t h e  

same d e f e c t s  are produced i n  a l l  of t h e  materials by t h e  r a d i a t i o n .  

Addi t iona l  luminescence a t  longer  wavelengths i n  t h e  pu l l ed  material sug- 

g e s t s  o the r  d e f e c t s  t h a t  may be  assoc ia ted  wi th  oxygen. 

Measurements w i l l  be continued on neutron i r r a d i a t e d  material a t  

hel ium temperature.  Data have already been taken at l i q u i d  n i t rogen  

temperature  on these  samples. Samples having d i f f e r e n t  degrees of chem- 

i c a l  doping w i l l  a l s o  be inves t iga t ed .  

Minori ty  Carrier Li fe t imes  i n  I r r a d i a t e d  Materials 

The Shockley-Read theory p r e d i c t s  t h a t  f o r  cen te r s  which act  as 

recombination si tes and are e f f e c t i v e l y  always empty the  l i f e t i m e  f o r  

h o l e s  T w i l l  be  given by 
PO 

l / r  = No v 
PO P P  

where N i s  t h e  concen t r a t ion  of t h e  recombination c e n t e r s ,  u i s  the  cross-  
P 
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s e c t i o n  f o r  t rapping  ho le s ,  and v is  the  thermal v e l o c i t y  of t he  ho le s .  
P 

I n  earlier work: the  low temperature l i fe t ime-f  lux  product  T 0 w a s  de te r -  
PO 

mined f o r  t he  deep recombination l e v e l  a t  E 

For a gamma ray  f l u x  0 ,  

- 0.4 e V  i n  n-type material. 
C 

N 
l/T @ = a v Q , p p  

P O  

Current i n v e s t i g a t i o n s  are underway t o  determine ( N / 0 )  by H a l l  measure- 

ments. This  w i l l  a l low,  the re fo re ,  t h e  cross-sect ion f o r  h o l e  t rapping  

t o  be  determined from 

1 - 
V 

P 
L i f e  t i m e  H a l  1 

Fur ther  s t u d i e s  are being made of t he  annea l ing  of the  recombination cen- 

ters previous ly  observed i n  both  n- and p-type materials. Photoconduc- 

t i v i t y  s t u d i e s  are a l s o  being c a r r i e d  o u t  i n  an e f f o r t  t o  observe t h e  t r a p s  

t h a t  are p resen t  bo th  be fo re  and a f t e r  gamma ray  i r r a d i a t i o n .  The material 

presented  i n  the  t h e s i s  of R. Hewes i s  being prepared f o r  pub l i ca t ion .  

Tunneling Between a Semiconductor and Superconductor 

The va lue  of e l e c t r o n  tunnel ing measurements i n  s tudying  t h e  elec- 

t r o n  d e n s i t y  of states i n  semimetals and near-degenerate semiconductors 

r e s p e c t i v e l y  has  been demonstrated by t h e  work of E s a k i 5  and Gray. 

These workers have shown t h a t  t h e  d i f f e r e n t i a l  conductance di/dV of a 

metal-insulator-(semiconductor o r  s e m i m e t a l )  j unc t ion  can y i e l d  the  loca- 

t i o n  i n  energy of conduction band edges,  and l o c a t e  t h e  p o s i t i o n  of 

narrow conduction bands. 

i s  n o t  expected t o  be  simply propor t iona l  t o  t h e  dens i ty  of states over 

wide b i a s  vo l t age  ranges,  

6 

Harrison7 has  poin ted  o u t ,  however, t h a t  di/dV 
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I n  the  p a s t  s i x  months, two experiments have been i n i t i a t e d  t h a t  

provide a new approach t o  s tudying tunnel ing  i n t o  semiconductors. It i s  

f e l t  t h a t  t hese  innovat ions  are wel l  s u i t e d  t o  an examination of narrow 

bands i n  semiconductors, and a program i s  planned t o  apply these  tech- 

niques t o  the s tudy  of impuri ty  band formation i n  t h e  system of antimony 

donors i n  germanium. 

metal  such as l ead  o r  niobium i n  the junc t ion .  

t r a n s i t i o n  temperature  T 

appear i n  t h e  e l e c t r o n  dens i ty  of states of the superconductor a t  ene rg ie s  

E + A ,  where cF is  t h e  Fermi energy, and A ,  one-half t h e  superconducting 

energy gap, i s  ( f o r  temperatures  near or  below l i q u i d  helium temperature) 

about 1.5 m i l l i - e V  f o r  Pb and Nb. 

been found exper imenta l ly  t o  b e  very sharp ,  

than  kT at 2'K, thereby inc reas ing  the energy r e s o l u t i o n  f o r  tunnel ing  

from a m e t a l  i n  t h e  superconducting state. I n  t h i s  ca se ,  d i r e c t  informa- 

t i o n  on the d e n s i t y  of states i s  contained i n  t h e  tunnel  c u r r e n t ,  i ,  as 

a func t ion  of v i a s  vo l t age ,  V. 

u l a r l y  important  i n  t h e  impuri ty  band problem i n  germanium where band 

widths  of t h e  o rde r  of m i l l i v o l t s  are a n t i c i p a t e d .  

The f i r s t  innovation i s  t o  employ a superconducting 

Below t h e  superconducting 

(7.18'K f o r  Pb, 9.34'K f o r  Nb), s i n g u l a r i t i e s  
C 

F -  

These s i n g u l a r i t i e s  have previous ly  

8 c e r t a i n l y  narrower i n  energy 

The inc reased  r e s o l u t i o n  w i l l  be  p a r t i c -  

The second innovat ion  is a p o i n t  con tac t  form of tunnel ing  j u n c t i o n ,  

which has been demonstrated t o  be f e a s i b l e  by J. E. Kunzler and co-workers. 

I n  t h i s  technique,  a narrow t i p  having a diameter  of a few microns i s  e tched  

on a w i r e  of t he  metal d e s i r e d ,  an i n s u l a t i n g  oxide f i l m  i s  formed on t h e  

w i r e  t i p  anodical ly ,"  and t h e  junc t ion  (immersed i n  l i q u i d  helium) i) 

formed by mechanical ly  suspending t h e  w i r e  t i p  i n  d e l i c a t e  contac t  wi th  a 

c l e a n  s u r f a c e  of t h e  semiconductor o r  semimetal t o  be s tud ied .  This method 

9 , ia 
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i s  p o t e n t i a l l y  of g r e a t  advantage i n  t h e  p re sen t  case ,  s i n c e  no i n s u l a t -  

i ng  oxide i s  requi red  on the  semiconductor t o  be s tudied .  Thus, t he  

i n v e s t i g a t i o n s  are n o t  lid t e d  t o  materials on which thermal ox ida t ion  

leaves a p e r f e c t  i n s u l a t i n g  f i lm .  The formation of anodic oxide f i l m s  on 

su5table metals such as niobium and tantalum has been s t u d i e d  ex tens ive ly  

and i s  a simple opera t ion .  

I n  the  p a s t  s i x  months tunnel ing ,  di/dV, measurements have been 

made on a degeperate  p-type 0.001 ohm-cm s i l i c o n  s i n g l e  c r y s t a l  i n  t h e  

l i q u i d  helium temperature range, using both evaporated l ead  f i l m  junc- 

t i o n s  and niobium point-contact  junc t ions .  I n  both cases, the  junc t ions  

were made t o  [111] s i l i c o n  f aces  cleaved i n  a i r .  D i f f e r e n t i a l  conductance 

d a t a  f o r  low b i a s  vol tage  are shown i n  Figures  5 and 6 f o r  a l ead  f i l m  

and a niobium point-contact  j unc t ion ,  r e spec t ive ly .  

q u a l i t a t i v e l y  similar t o  di/dV curves which are obta ined  i n  e l e c t r o n  

tunnel ing  between a superconductor and a normal m e t a l .  

j u n c t i o n  w a s  measured a t  temperatures nea r  t h e  c r i t i c a l  temperature  

7.18'K of l ead  and i t  w a s  v e r i f i e d  t h a t  t he  s t r u c t u r e  d isappears  w i t h i n  

0.1'K of the  c o r r e c t  c r i t i ca l  temperature. 

t h e  suptrconduct ing p r o p e r t i e s  with a dc magnetic f i e l d .  The d a t a  i n  

F igure  6 w e r e  compared w i t h  t h e  di/dV p red ic t ed  by the  BCS d e n s i t y  of 

states8 f o r  a superconductor-normal metal junc t ion ,  y i e l d i n g  a va lue  of 

t h e  energy gap i n  t h e  Nb t i p  w i th in  10% of the  accepted value.  

These c u b e s  are 

The l e a d  f i l m  

It w a s  a l s o  p o s s i b l e  t o  quench 

It i s  thought t h a t  t he  behavior  a t  m i l l i v o l t  b i a s e s  arises from 

e l e c t r o n  tunnel ing  from t h e  superconductor i n t o  an impuri ty  band which 

h a s  merged wi th  the  valence band of t he  s i l i c o n  and which i s  considerably 

b roade r  than  the  suptrconduct ing energy gap 28.  Although t h e  curves shown 
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do n o t  conta in  much informat ion  on the semiconductor dens i ty  of states,  

they demonstrate t h a t  t h e  d i r e c t  e l e c t r o n  tunnel ing  cu r ren t  a t  4'K can 

be  an e a s i l y  measurable quan t i ty ,  and suggest  t h a t  t h e  a d d i t i o n a l  resolu-  

t i o n  inhe ren t  i n  t h e  superconductor-insulator-semiconductor conf igu ra t ion  

w i l l  he  r e a l i z e d .  

answered i s  whether t h e  s u r f a c e  b a r r i e r  l a y e r  under t h e  m e t a l  c o n t a c t  w i l l  

remain s u f f i c i e n t l y  t h i n  t o  permit a measurable tunnel  cu r ren t  t o  flow i n  

materials having a lower impuri ty  level. 

di/dV da ta ,  p a r t i c u l a r l y  a t  l a r g e r  b i a s  v o l t a g e s ,  are a t  p re sen t  n o t  

reproducib le  and n o t  f u l l y  understood. 

It i s  be l ieved  t h a t  t he  main ques t ion  remaining t o  be  

Various o the r  a spec t s  of t h e  

E f f o r t  a t  p r e s e n t  i s  being devoted t o  r e f i n i n g  t h e  p o i n t  con tac t  

tunneling teckique, 

watch-jewel bea r ings  and a ha i r sp r ing  t o  c o n t r o l  t he  f o r c e  ( i n  t h e  m i l l i -  

gram range) app l i ed  t o  the  po in t .  The p o i n t s  themselves are being s tud ied  

by o p t i c a l  and e l e c t r o n  microscopy, and an e f f o r t  i s  being made t o  f a b r i -  

cate p o i n t s  of s i n g l e  c r y s t a l  zone r e f i n e d  niobium. Tunneling measure- 

ments from t h e  t i p s  t o  well-studied metals are planned t o  check t h a t  t h e  

poin t -contac t  d a t a  agree  wi th  da t a  obta ined  from evaporated f i l m  junc t ions .  

F i n a l l y ,  measurements are planned us ing  both techniques on semiconductors 

having lower dopings i n  t h e  impurity conduction range. 

Thermal S t a b i l i t y  of I r r a d i a t i o n  Induced Defects  

The mechanical suspension system employed involves  

The s tudy  of t h e  thermal s t a b i l i t y  of i r r a d i a t i o n  induced d e f e c t s  

i n  n-type germanium h a s  been completed. 

been submit ted f o r  pub l i ca t ion .  

A-paper desc r ib ing  t h i s  work has 

A copy of it is  a t tached  t o  t h i s  r e p o r t .  
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I n t e r n a t i o n a l  Conference on the  Physics of Semiconductors 

Attached t o  t h i s  r e p o r t  is a copy of t h e  manuscript  t h a t  w i l l  

appear i n  t h e  proceedings of t h e  I n t e r n a t i o n a l  Conference on t h e  Physics  

of Semiconductors t o  be  h e l d  i n  Kyoto, Japan i n  September, 1966. 

Pe r  s onnel 

D r .  E. L. Wolf, M r .  Ralph Hewes  and M r .  Robert Spry were employed 

on t h i s  p r o j e c t  during t h e  p a s t  six months. 
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Wave length (microns) 

Figure 1. Recombination luminescence a t  liquid helium temperature 

from Co6* irradiated n-type f loa t  zone s i l i c o n  70 ohm-cm. 

S l i t  width of 1.0 mm giving a resolution of about 32 A. 

Data are uncorrected for detector and monochromator 

response. 
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Figure 2. Recombination luminescence at liquid helium temperature from 

sample as in Figure 1 but at higher gain and lower resolution. 

Data are uncorrected for detector and monochromator response. 
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Figure 3. Recombination luminescence spectrum of narrow l ine  cen- 

tered a t  1.280 microns of same sample as i n  Figures 1 

and 2.  

Data are uncorrected for detector and monochromator 

response. 

0 

Liquid helium temperature resolution about 16 A. 
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Figure 4 .  Recombination luminescence a t  liquid helium temperature 

from Co60 irradiated p-type Czochralski grown s i l i c o n  

200 ohm-cm. Resolution about 32 A. Data are uncorrected 

for detector and monochromator response. 
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Bias (millivolts) 

Figure 5 .  Differential conductance di/dV of evaporated lead f i l m  junc- 

t ion  on p-type 0.001 ohm-cm s i l i c o n  [lll] cleaved surface a t  

about 1.6"K. 

cleaved s i l i c o n  to 6OO0C for about 10 minutes i n  one atmos- 

phere of sxygen. 

The oxide barrier was formed by heating the 



- 15 - 

I I I I I 

I I I I I I I I I 
-4 -3 -2 -1 0 1 2 3 4 

Bias ( mi I I i vol ts ) 

Figure 6. Differential conductance di/dV for millivolt biases 

of niobium point contact to 0.001 ohm-an p-type 

silicon at a temperature near 1.5'K. 


